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Spectro-Electrochemistry of Cobalt and Iron Tetrasulphonated Phthalocyanines

W.A.Nevin, W.Liu, M.Melnfk, and A.B.P.Lever*, Dept. of Chemistry, York

University, North York (Toronto), Ontario, Canada, M3J 1P3,

Abstract

Cobalt and iron derivatives of tetrasulphonated
phthalocyanine (TsPc) have been studied by
spectro-electrochemistry in aqueous solution at pH 2-10. For
CoTsPc, two reduced species are observed: yellow
(Co(I)TsPc(-2)]" and pink [Co(I)TsPc(-3)]2', over the entire
pH range, In acid, oxidation gives a monomeric
[Co(III)TsPc(-z)]+ species; in base, an equilibrium exists
between monomeric and dimeric forms of [Co(III)TsPc(-2)1%,
whose relative concentration depends upon concentration of
CoTsPc, ionic strength, pH and temperature. Reduction of
[Fe(III)TsPc(-2)]" solutions gives green Fe(II)TsPc(-2) and
pink (Fe(1)Tspc(-2)]" over the entire pH range. Oxidation
gives a product which appears to be an [Fe(IV)TsPc]2+
species. Differences between the spectra of the species and
in the species obtained at different pH values, and
aggregation effects are discussed with reference to the

nature or axial coordination to the central metal atoms,

The develobment of suitable electrocatalysts for the reduction of oxygen
at a fuel cell cathode remains an important objective. Many research dgroups
Are investigating macrocyclic MN, systems as being likely to fulfil the many
stringent requirements for a successful commercial electrocatalyst [1-10].

Recently we were involved in an electrochemical study [11] of the oxvaen
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2a/l/86 Je.Electroanal.Chem.

reduction properties of tetrasulphonatophthalocyanine (TsPc) derivatives of
cobalt and iron, CoTsPc and FeTsPc. The catalysts were deposited, at
monomolecular levels, on an ordinary pyrolytic graphite (OPG) electrode.
Under an inert atmosphere, a series of four redox couples were observed for
FeTsPc and three for CoTsPc, corresponding to a sequence of one—electron
redox processes, proven by coulometry. The redox waves exhibited varying
dependence upon pH. Since the redox process may occur at either the central
metal jon or the phthalocyanine ring, there is possible ambiguity concerning
the actual process occurring at a given wave and such processes may vary
with pH.

For example, in the case of FeTsPc, the first reduction potential showed
a 59mV/decade dependence upon pH in the alkaline region, but OmV/decade
dependence in the acid region. This variation in behaviour might signify the
presence of valence isomers such that, for exawmple, reduction of
Fe(LI)TsPc(-2) in the alkaline range might yield [Fe(I)TsPc(-2)]", but in
the acid range, [Fe(II)TsPc(-3)]  might be formed. Such distinctions are
difficult to draw using electrochemistry alone and spectroscopy was used to
provide complementary information.

In this paper we veport this spectro—electrochemistry in aqueous
solution over the pH range 2-1U (at approximately constant jonic strength).
The spectro—electrochemical data reveal the nac.ure of the redox process,
permit one to clarifv whether a particular process might be pH dependent,
and provide additional information such as degree of aygrepgation or the
presence of dimerisation. Note turther that these data represent Lhe tirst
detailed set ot electronic spectra raported (or series ot redox velated
phthalocyanine species in aqueous phase,

The nomenclature MTsPe s used tor 1 peneral specics ol coaetined
oxidation ~rate swhile, tor specitic compounds, the oxidiation states ot both

netal  and phthalocyanine are defined.s The Pe(=2) state is the «tandard
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oxidatjon state for the phthalocyanine ring (12].

Experimental

The MTsPc (M= Co,Fe) species were prepared according to Weber and Busch
[14). Excess sodium salts were removed using dialysis tubing. Na,S0,
(Anachemia, reagent grade) was purified by recrystallisatjon from aqueous
solution., NaHCO3 and NaOH (BDH, analytical grade) were used as supplied.
Water was purified by double distillation over KMnO, followed by passage
through a Barnstead organic removal cartridge and two Barnstead mixed resin
ultrapure cartridges. Solutions were made up in the following commercial
buffer solutions: (pH) 2.0, KC1,HCl, 0.05M; 4.0, potassium biphthalate,
U.U5M; 7.0, KH,oPO,, NaOH, 0.05M; 10, KyCO3, KyB,07.4H,0, KOH, 0.05M (all
Fisher certified and used as supplied). A second pHlO buffer was prepared
using NaHCOy (0.U8M) and NaOH (0.0088M).

Electronic spectra were recorded with a Hitachi-Perkin Elmer
microprocessor model 340 spectrometer or a Guided Wave Inc. model 100-20
Optical Waveguide Spectrum Analyser with a WWI00 fibre optic probe.
Electrochemical data were collected with a Pine model RDE3 double
potentiostat or with a Princeton Applied Research (PARC) model 173
potentjostat or with a PARC model 174A Polarographic Analyzer coupled to a
PARC mode 1l 175 Universal Programmer. Room temperature spectro=-
electrochemical measurements were made with an optically transparent

electrode (OTE) assembly utilising a gold minigrid, with platinum counter

and silver quasi-reterence electrodes [15], which fitted into the sample
compartment ot the Hitachi=Perkin #lmer model 340 spectrometer. Tor
experiments at temperatures between U and BUYC, 1 bulk electrolysis cell was

used, consisting of a cylindrical platinum gauze working electrode, silver

wire quasi-reference and platinum flag counter electrode (the latter

separated trom the working compartment by a glass frit). Spectra were
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recorded during bulk electrolysis by immersing the Guided Wave fibre optic
probe into the solution. Solutions were purged continuously with nitrogen
gas.

Electron spin resonance data were obtained wusing a Varian E4
spectrometer calibrated with diphenylpicrylhydrazide. The species were
generated 'in situ', in the esr cavity, using a cell based on a published
design [16]. A gold coil was used as a working electrode, silver foil as a
quasi-reference, and platinum flag (separated by a glass frit) as counter
electrode,

Solutions for spectro-electrochemistry and esr-electrochemistry usually

contained 0.3M sodium sulphate as supporting electrolyte,

Rcsults and Discussion

Cobalt Tetrasulphonatophthalocyanine Derivatives

Co(II)TsPc(-2)

CoTsPc, in aqueous solution, has been shown to exist as an equilibrium
between monomeric and dimeric (aggregated) six-coordinate Co(II)TsPc(-2)
species, where the relative concentrations of monomer and dimer are
extremely sensitive to a number of factors, such as concentration, pH, ionic
strength and temperature [17-28], Five-coordinate species may also be
present [11). Our experiments were carried out using agqueous solutions of
CoTsPc in concentrations of the order ot 10”9M and added electrolyte at
Do 34, Under these conditions, the phthalocyanine 1is expected to exist
predominantly in  the agqregated torm, possibly through hydrogen bonding

linkage (via water) ot the Tsbe rings [23] or through overlap between the

m-electron <louds ot the two TsPc rings [28,29]) This aggregation is
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manifest in the electronic spectrum, shown in Fig.1, which consists of a
broad Q band [20] of maximum 622nm, expected for the aggregate (17,19-27],
and only a shoulder at 665nm, where the maximum of the monomer occurs (663nm
[21-23)). Under the CoTsPc and electrolyte concentrations used here, the
spectrum varied little over the pH range 2-10, in contrast to a previous pH
dependence study ([27], where a substantial increase in monomer content was
found at higher pH values, even at 10™3M concentration. This is the result
of the high ionic strength of our solutions (0.3M Na2804) which promotes
extensive aggregation even at high pH values, where the negative charges on
the TsPc rings might tend to inhibit close association.

Hence, CoTsPc 1is predominantly in the [Co(II)TsPc(-2)], form in the
starting solutions. As with other MTspPcs, there may be some higher
aggregated forms present [30-32), especially as a result of the high ionic
strengths used (21,22). However, such higher aggregates are not expected to
be important in the CoTsPc case [(23].

CoTsPc exhibits three redox couples in the region -1.5 to +0.9V vs SCE,
two couples (labelled ([11] B,A; 2,1 in acid and base respectively)
correspond to net reduction of the bulk solution, and will be referred to
here as the first and second reduction waves, and one (D; 3) refers to net

oxidation, and will be referred to as the first oxidation wave.

Reduction Species

[Co(I)TsPc(=2)]"

Formation ot the first reduction product was carried out by polarising
the gold minigrid at ca. 200mV negative of the first reduction wave. At all
pH values studied {(pH2,4,7,10), the colour :hanges from blue to yellow; the
spectrum 13 essentially ‘ndependent of pH 11n the range studied and an
example, at pH2, ts shown ian Fi1g.1 with data reported in Table I. The yellow

colonr arivses from the appearance of a strong band 1n the 440-480nm region,
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seen previously in chemically and electrochemically generated
[Co(I)TsPc{-2))" species [17,33-37]. This new band has been assigned
as metal to ligand charge transfer (MLCT), from Co(I)Pcid(xz,yz)] to
ﬂ*(1b1u)Pc [35,38,39]. Notably this MLCT band is shifted by 20-30nm to
higher energy in aqueous solution relative to [Co{I)TsPc(=-2)]" [17) and
other Co(I)Pc species [33,35-37] in organic solutions (Table I), and also to
the tetracarboxyphthalocyanine (TcPc) cobalt(I) species in water [10). The
intensity of the MLCT band is greater than the intensity of the Q band, also
in contradistinction to organic phase data [17,33,35-37]). The spectrum

agrees well with previous aqueous phase data obtained via [BH4] reduction
of Co(II)TsPc(-2), although the relative intensities were not given [37].
Esr signals observed with Co(II)TsPc(-2) at pH2 and 10, disappeared upon
reduction, consistent with the formation of diamagnetic a8 [(Co(I)TsPc(-2)]"
{17,36,37].

This difference in spectra between aqueous and organic phase probably
reflects a difference in structure, which is also likely to be related to
the chemistry of these species. Thus, the organic phase Co(I)Pc species
reacts with protons to yield Co(II)Pc [33]), while the aqueous species as a
monolayer on ordinary pyrolytic graphite, or 1in solution, is stable in
fairly strong acid and, evidently, does not react with protons., The reason

for this variation in behaviour is being sought.

(Co(I)Tspc(-3))2"

The ease  »f tormation of the second reduced species was strongly
dependent npon <he pH of the solurion. Previous work (11] has shown that the
second roduction potential s very pH o otependent, At pH2, the couple lies

only 200mV n2gative of the tirst reduction wave, at a value of =0.55V vs

sae; however, at pHI0, the couple l1res at ca, 700mV negative ot the tirst

reduction wvave, at =1,2%V vs sce,
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Unfortunately, it was only possible to record the electronic spectrum of
this species at low pH values, with the results shown in Fig.1 and Table I.
Formation of the species is characterised by a change in colour from yellow
to pink. There is a red-shift of the Soret, MLCT and Q bands. The MLCT band
splits into two components, and there is evident structure in the Q band.
This species has previously been positively identified as [Co(I)TsPc(-3)]2-
[36,39]. Structure in the Q band is expected for a monoanion radical [39],
There are again characteristic dirfferences between the spectrum of this
species 1in water, and the spectrum of the unsubstituted species
in dimethylformamide (DMF) (36], with the Q band being more intense,
relative to the MLCT band in aqueous solution,

At pH?7 and 10, rapid evolution of gas at the working electrode at
potentials negative of the second reduction wave, made it impossible to
obtain the spectrum of the fully reduced species. However, the spectrum of
a pink solution containing both the first and second reduced products could
be ‘'deconvoluted' to show that the same product, [Co(I)(TsPc(—3)]2-: 1s also
produced at these pHs, and, moreover, that its spectrum is hardly altered
from that in acid medium. Thus, this anion radical species of Co(I) may be

assumed to be formed over the entire pH range studied,

Oxjdation Specles

Oxidation of the Co(II)TsPc(-2) starting solution, by applying a
potential 200mv positive of the first oxidation wave, yielded spectra which
proved o be markedly pH dependent, At pH2 and 4, a blue-green colour
loveloped;  tne spectrum 's shown 1 F1g.2(a), with data in Table I. The ¢
bant (and Soret) red snifts some 45nm relative to the starting solution and
tecones narrower, This spectrum 15 typical ot that previously defined tor
Co(ITD)TsPo(=2) sprcies 10 witer, prepared by chemical means [18,21,27,37]).

Moreover, rthe ncrease 1n intensity, and narrowing, of the O band »noop
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oxidation i3 anticipated [(39]. This species is likely to be
[(H20)2CO(III)TSPC(-2)1+r probably mixed with Cl(H,0)Co(III)TsPc(-2) at pH2,

At pH7 and 10, however, oxidation results in the formation of two bands
in the Q region, at 632 and 666nm, both of comparable or greater intensity
to and narrower than the initial Co(II)TsPc(-2) Q band. A spectrum at pH10
is shown in Fig.2(b). However, the relative intensity of these two bands
varied from sample to sample, and appeared dependent upon conditions such as
concentration of Co(II)TsPc(-2) and Na,S80,, and pH value. In particular,
decreasing the concentration of Co(Il)TsPc(-2) yielded a much stronger band
at 666nm relative to 632nm on oxidation such that oxidation of a 1 x 10—5M
Co(II)TsPc(-2) solution gave a spectrum in which the 666nm band was dominant
and the 632nm band barely present., The spectrum .“tained upon oxidation of
a solution of 5 X 10‘5M Co(II)TsPc(-2) 1s shown in Fig,.,2(c¢). Decreasing the
concentration of electrolyte also led to a decrease in the intensity of the
band at 532nm, as shown in Fig.2(d). Once equilibrium had been reached, the
relative 11ntensities of the two bands remained constant. Increasing the
potential did not significantly affect the relative intensities until
potentials close to the solvent limit were reached, when the intensity of
the 632nm band declined; however some decomposition also occurred,

The possibility that one band arises from Co(II)TsPc(-2) generated in a
chemical ovr =lectrochemical reaction between oxidation product and a solute
was excluded trom tne 1asensitivity of the spectrum to potential and on the

bas's  rnat  swrtoming ottt tne potentiostat had little effect upon the

Spectrumn,

Sooling tne solution to 0 had little ettrect upon the rejative peak
ratios, though 1ncreasiag the tonperature to RO\)C caused a decreas: 1a the
H32nm absoarption and an rtncregase 1n the ntensity ot the 6ohnm band,
Cooliag to r s temperatire re2gtored the original o spectrum., Adaztion of DMEF

aused e 0 sappearance  of o fhie 632nm bant o andd oa spectrum whnon arpearsed
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ol very similar to that obtained in acid mediun. Thus, there are two species

in equilibrium and it is most reasonable to assume they both contain

Co(III).
E Previous work on MTsPcs has shown that raising the temperature [26,40],
12 decreasing the 1ionic strength [14,21,23,25,40] or addition of DMF ({41}
results in disaggregation of the dimeric species. Thus, the data point
; strongly to a monomeric Co(III)TsPc species yielding the 6€66nm absorption,
- and a binuclear species yielding the €32nm absorption.
'
Co(III) complexes are almost invariably six-coordinate. The
. TsPcCo(II1)/Co(II) couple shifts 59mvV/decade with pH above pH7, but there 1s
: no shift below pH7 [11]. These data strongly suggest the existence, in basic
3 solution, of species such as [(HO)2CO(III)TSPC(-2)]— and
- (HO)(HZO)CO(III)TSPC(—Q). These orobably contribute to the 666nm
absorptron, aggregation of these species 1is unlikely, since the axial
groups w1ll tend to keep the TsPc units apart. However, Co(III) complexes
readily form binuclear hydroxo-bridged species (42]. Thus, the 632nm
:f absorption probably artses from such a hy v oxo-bryigea 'anuclear species 1n
i equilibriim with the si1x-coordinate monoruclear wpecres cited immediately
) above, 1.0,
Z.‘ 2 TEHO) (H,03Co(IT D) TSPe(=2) ) = TsPolH 1000 I HaC LTI H2<>)Tspc}+
+ OH™
o A RSt A0
WY e Q=T dye s DoMe 2 Do soeecves L =ALTIDY, o Tr{(IID), Mn(IIT),
S Fe(TID)Y are Wl neewno T43-471, anaa e ld olae-shrtrten o tandgs generally
. wsorhing  noar AJ0nm, There 15 (lso o cae nosmtbility rhat o the s32nm
:: (DSArE ST Ar1aes ron st o TEPodol 1T ==L IT D) TAPC simc1es; however, no
S = sw s cradaes corpnyrta or pataalocyante complexes ot Co{IIL)  have
aeen trewy sl o anennroacally characterised,
R
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In acid solution, Co(III)TsPc(=2) probably exists in the form

[(H‘O)2CO(III)TSPC(—2)]+ [11). The presence of two strongly bound axially

e
>
E
i
el
v
o

coordinated water molecules should prevent dimerisation, resulting in the

occurrence of only a monomeric species in solution, absorbing at 668nm, with

8L s

a vibrational component at 605nm., However, unlike Co(III)Pc species 1in
organic solvents [33,35,37,48), the Co(III)TsPc spectrum in acid solution is
K] broader and contains a shoulder at 635nm, indicating the presence of a small
amount of aggregated speciles., Possibly this may occur via hydrogen bonding
between the two axial water molecules, No previous study of the
dimerisation of Co(III)TsPc has been reported. It is relevant to note that
whereas the amount of aggregation increases with dJdecreasing pH for the
Co(II)TsPc{-2) species [27), an opposite effect is found with pH for the
Co(II1)TsPc(-2) species. Thus at pH7, the band at 666nm 1is stronger,
relative to the 632nm band, compared with a pH10 solution. However, there
is an abrupt transition to the monomeric species spectrum below pH7, such
- that at pHS.5, a similar spectrum to pH2 is obtained. This reversal 1in

behaviour between Co(II) and Co(III) is due to the formation of the

Calh)
VR T TR S S Y

hydroxo-bridged species at high pH.

Iron Tetrasulphonatophthalocyanine Derivatives X
. (Fe(III)TsPc(-2)17

In the presence of air, solid FeTsPc exists as an Fe(III) species in the
form of an oxygen adduct {14]. In aqueous solution, prepared in air, an
- Fe(III)Tsbc(-2) species is obtalned, possibly also in the form of an oxygen
. adduct (18], or as  [(H,0),fe(III)TsPc(-2)]1%  in aqueous acid, or
(HO)(Hzo)Fe(III)TsPc(-2) in aqueous alkalr [11]. In parallel with CoTsPc, a
. nmonomer-dimer equilibrium exi1sts, dependent upon pH, concentration, 1onic

strength and temperature [25,40); however, the tendency to form dimers and \

poly-aggregatad species apvears reater tor FeTsPc than for CoTsPc [40). The
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spectrum of a typical Fe(III)TsPc species, prepared for electrolysis at
pH10, 1is shown in Fig.3 with tabulation in Table II, As expected the
dimeric, aggregated form predominates, as shown by the broad Q band centered
at 632nm [14,18,25,40,49-51). The weak shoulder at 670nm probably arises
from a small amount of monomeric material ([40]. At the high FeTsPc and
electrolyte concentrations used here, higher polyaggregates are probably
present [40]. The spectrum was essentially unaltered over the pH range
studied (2,4,7,10), in agreement with published results ([25,40), and was
identical before and after degassing. At least 1in alkaline solution,
contributions from u-oxo species are anticipated; these however, would also
absorb near 630nm and may be difficult to detect spectroscopically
[43,45,51].

FeTsPc exhibits four redox couples in the region =1.4 to +0.9V vs SCE,
corresponding to three successive reductions of the bulk material (labelled

{111 C,B,A; 3,2,1 in acid and base respectively) and one oxidation of the

bulk material (D; 4).

Reduction Species

Fe(II)Tspc(-2)

Formation of Fe(II)TsPc(-2) directly from the Fe(III) species by
electrolysis some 200mV  negative of the Fe(IIIl)/Fe(II) <couple (C;
3) (referred to as the first reduction couple) was progressively more
difficult with increasing pH. Thus, at pH10, prolonged electrolysis
produced only a broad band at ca. é66nm (due to Fe(IIl)) with a prominent
shoulder at »A30nm bhelieved to be due to un-reduced te(III)TsPc(=-2).

The Fe(Il) product was, however, readily agenerated by polarising the
electrode negative of the second reduction wave (Fe(II)/Fe(I)), producing

Fe(I)TsPc (see below), and re-oxidising by polarisation at a potential
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positive of the Fe(Il)/Fe(l) couple but negative of the Fe(III)/Fe(II)
couple. This produced a spectrum (Fig.3, Table II) whose Q band intensity
was about one-third larger than that of the band produced, in alkaline
medium, by one-electron reduction of Fe(III)TsPc. At pH2 and 4, this
Fe(II)TsPc(~2) spectrum could be obtained directly by one-electron reduction
of the Fe(III)TsPc(-2) species.

These data can be explained if it is assumed that the relative cont-
ribution of U -oxo Fe(IIX) species, such as
TsPc(-Z)(Hzo)Fe—O-Fe(H20)TsPc(-2), increases with increasing pH; this is
certainly not unreasonable, cf e.g. TsPcMn-O-MnTsPc species [52], The
electrochemical behaviour of a pure TsPcFe-0O-FeTsPc species has not yet been
characterised, however data for the unsubstituted species in pyridine has
recently been reported [53]. These show a one electron reduction to a mixed
valence Fe(IlI)-Fe(II) species occurring some 200mV negative of the
Fe(III)/Fe(Il1) wave of the PcFe(II)Py2 mononuclear complex, and complete
reduction to a Fe(lI)-Fe(II) species occurring 1250mV negative of the
mononuclear Fe(III)/Fe(II) couple., Similarly, reduction of the analogous
PcMn~O-MnPc species [44], and of y-oxolbis(tetraphenylporphyrin)Fe(III)]}
{54] occurs significantly to more negative potentials than the
corresponding wave in the mononuclear analogues., Thus, the Fe(III)/Fe(II)
reduction couple in TsPcFe(III1)-0-Fe{III)TsPc will be shifted negative of
that of the monomeric (and aggregated dimeric) species. The residual 630nm
absorption in the spectrum of reduced species at potentials only 200mV
negative of the Fe(III)/Fe(II) couple (due to non-oxo species) must then
originate in un-reduced | -oxo spectes remaining in solution. Reduction
negative of the second reduction potential (to Fe(I)), reduces the total
Fe(III)TsPc component and removes the ; -oxo species thereby. In acid

solution, the L-oxo species cannot exist and the problem does not arise. A

similar problem arose with the reduction of Fe(III)TcPc(-2) [10]) in alkaline
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solution. There was residual absorption near 630nm due to the unreacted
Fe(III)TcPc p-OXo species, present in the Fe(II)TcPc(-2) spectrum, but its
presence was not recognised.

The green Fe(II)TsPc(~2) species was unequivocally defined by its
electronic spectrum [18,50), especially by the observation of a band near
440nm commonly seen jn low-spin six-coordinate Fe(II) phthalocyanine species
[10,35,55-59]) and associated with the Fe(II)-axial ligand interaction
(10,57-59]. The spectrum was independent of pH.

The spectrum does show indications of aggregation in both acid and
alkaline medium. The broadening of the Q band absorption near 630nm jin acid
solution cannot arise from a y-oxo Fe(III)TsPc contaminant since this would
not exist in this medium, A rigorously six-coordinate species is not likely
to show aggregation because of steric constraints, Either the coordinated
water molecules are labile, allowing one to be replaced by another
FelII)TsPc(-2) moiety, or there is a small contribution from five-coordinate

species, which could aggregate,

[Fe(I)TsPc(=~-2)]"

Reduction at ca. 200mV negative of the second reduction couple, yields a
pink solution, whose principal feature is an intense new band at ca. 490nm
and a red-shifted and weakened Q band, compared with Fe(II)TsPc(=-2) (Fig.3,
Table 1I). The spectrum is similar to that previously reported for
(Fe{I)TsPc(-2)]", obtained by [BH4]~ reduction of the Fe(III)TsPc species in
Hzo/zoz prE [49], and that obtained through electrochemical generation from
Fe(II)Pc [36,55]. The intense band near 490nm is undoubtedly MLCT in origin,
in parallel with [Co(I)TsPc(=-2)]" described above. Aggregation does not seem
to be important in either the acidic or basic range, perhaps because the

negative rcharge tends to keep the molecules apart, However, unlike the

cobalt(1I) specires, *the spectrum of the iron(I) species is dependent upon pH,
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with red shifts of both the MLCT and Q bands with increasing pH, though the
overall spectroscopic pattern does not change (Table II). [Fe(I)Pc(-2)]"
is known to coordinate axial ligands to form five-coordinate species [55].
The potential nf the Fe(1I)/Fe(I) couple shows no dependence per pH decade,
in the basic region (11}. It is unlikely that there would be axial hydroxide
bound to Fe(I), so there can be no axial hydroxide bound to Fe(II). However
we do anticipate water coordination to Fe(II)TspPc(-2). Possibly the
difference between acidic and basic medium could be ascribed to axial
coordination of water in acidic medium, and no axial ligand in basic medium.

The same situation arises in the [Co(I)TsPc(-2)]" case discussed above.
The absence of a dependence of the Co(1) spectrum on pH may mean that water
is coordinated to [To(I)TsPc(-2)]" in both the acidic and basic regimes, or
that the extra electron in this species, along the axis, weakens the axial
interaction to such an extent that it has little purturbing effect on the

electronic spectrum.

The MLCT band is blue-shifted by 25-30nm for the [Fe(I)TsPc(-2)]}"

species in pH10 solution, compared with [Fe(I)Pc(-2)] {36,55] and
[Fe(I)TsPc(-2)]" in H,0/207% DMF [49], while the Q band is red-shifted by
40-50nm and is of lower intensity relative to the MLCT band. This species
was easily obtained at pH10; however, it became progressively more difficult
to obtain at lower pH values due to decomposition of the phthalocyanine and
evolution of gas at the electrodes at the required potentials, For the most
part, decomposition involved destruction of the phthalocyanine ring and loss
of visible region absorption. 1In particular, at pH2, it was not possible to
obtain a pure species, though the appearance of a pink color and spectrum,
similar to that at pH10, indicates that an {[Fe(I)TsPc(-2)]" species is still

obtained.

The overall conclusion is that ({Fe(I)rspc(-2)}" 1is ftormed over the

entire pH range studied, at potentials some 200mV negative of the second
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) reduction couple,

[Fe(I)TspPc(-3)]2%"

Although the third reduction couple occurs only ca. 200mV negative of
the second at pH2 and 4 {11]), we were unable to obtain a satisfactory !
spectrum of this species due to gas =volution and aecomposition of the

phthalocyanine. An impure species spectrum was obtained at pH10 (Table II). g

W L.,

This showed a lower intensity MLCT hand at 490nm, and additional bands at t

370, 650 and 730nm. The similarity of this spectrum to that reported for
[Fe(I)Pc(-3)]12~ [36)], and for [Fe(I)TsPc(-3)]2", produced by (BH,]™ ‘

reduction of Fe(III)TsPc 1in H2O/207{ pyridine [49], and to the s _.ctrum

LR

reported here for [Co(I)TsPc(~3)]12" leaves little doubt that, at pPH10, this

anion radical species of Fe(I)TsPc is the third reduction product., By

N analogy with CoTsPc, [Fe(I)TsPc(—3)]2’ 15 also expected to be the third .
> reduction product (couple A) in acid solution. A
- Oxjdation Species :
. Oxidation of an [Fe(III)TsPc(-~2)]+ species 1n  the OTE assembly, at a :

potential positive of the first oxidation couple resulted 1n the growth of a new

band at 680nm, at the expense of the Fe(II1)TsPc Q band absorption. The Soret

PRI R

peak was broadened into a shoulder, However, the phthalocyanine decomposed
rapidly, so that there was a4 dgeneral loss 11n overall 1intensity of the
chromophoric species. Decomposition could bhe reduced, hut not stopped, by
carrying out the oxjdation at 2°C, when the spectrum shown in Fig.4 was obtained

(see also Table II). The oxiydation 13 reversible, 11n  that the original -

s
4

Te(III)TsPc(-2) spectrum can be obtained by electrolysis 200mV negative of the

first oxidation wave, but the overall irtens)ty thereof, is reduced, The spectrunm L,
shown 1n Fig.4 153 .quite (rvfferent from those of XoPe(III)Pc(=-1) and :
., GColIID)Pe{=1) films [13] (X = a halogen) and from X,Co{III)Pc(-1) in chloroforn -
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(48], where these phthalocyanine ring-oxidised radical species were produced bny
halogen oxidation of the M(II)Pc precursors. The spectrum does not contain the
extra features expected for a phthalocyanine oxidised ring species [39}, but
rather, looks more like the spectrum of a MPc(-2) species. Thus, these data
provide evidence for formulation as an Fe(1V)TsPc(-2) species, at pH7. Further

experiments are in hand to seek a solvent where this species might be stable for

more detailed study.

Summary

The redox couples A-D or 1-4 (in acid or base, respectively [11]) for CoTsPc
and FeTsPc have been defined by spectro-electrochemistry over the pH range 2-10.
For FeTsPc, couples A, B and C correspond to (Fe(I)TspPc(-2)]"/[Fe(I)TsPc(-3)])2",
[Fe(II)TsPc(-2)]1/[Fe(1)TspPc(-2)]" and (Fe(III)TsPc(-2)]1%/[Fe(II)TsPc(-2)],
respectively. Couple D has been shown to be probably
[Fe(IV)TSPC(-2)]2+/[F8(III)TSPC(-Z)]+, rather than the expected ligand oxidation.

For CoTsPc, couples A and B (1 and 2), in a similar manner to FeTsPc, are
(Co(I)TsPc(-2)]1"/[Co(1)TsPc(-3)]2" and (Co(II)TsPc(=2))/[Co(I)TsPc(=-2)]7,
respectively, Some uncertainty was present in the voltammograms in acid solution
in the earlier study [(11] in the oxidation region, where an ill-defined wave
( labelled C) was seen, followed by a wave D at higher potential. We have shown
that couple D (and 3 in hase) is in fact due to the
[Co(III)TsPc(-2)1%/(Co(II)TPsPc(-2)] couple, and hence the broad region C may he
due to the existence of variously aggregated Co(II)TsPc(-2) species,

Severul trends in the pH Jdependence ot tormation (rf the redox species .are
likely due to differences in axial coordination of the central metal atoms. 1In
addrtion, 1t is interesting t> note some dryrterences 1n dimer formation between
the 1ron anid cobalt species (Table 1I1). Aggregation of Co(II)TsPc(=-2) 1s

rosult of 1ts very labile axial wat:r molecules, However, the d? Fe(II)TspPo(-2)

halitat e i
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species 1s not expected to be labile, and this is shown by only partial
aggregation in solution, Co(III) is also d6. and [Co(III)TsPc(-~2)]% is found to
be non-agygregated (in acid solution) as a result of the non-lability of its
axially coordinated water molecules. In contrast, Fe(III)TsPc(-2) is fully
aggregated in acid solution due to the lability of its axial ligands (ca 10‘4M,
high ionic strength).

In base, the tendencies of Co(III) and Fe(III) to form hydroxy- and
u-oxo-bridged species, respectively, are manifested in the
spectro-electrochemistry of [Co(III)TsPc(-2)]% and [Fe(III)Tspc(-2)]* at pPH 7-10,

which is markedly different from that found in acid solution.
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Figure Legends

Fig.1'. Uv-visible absorption spectra of (a) Co(II)Tspc(-2) (__ ), and E
electrochemically generated {Co(1)TsPc(=-2)1" (====) and (b) :
electrochemically generated [Co(I)TsPc(—B)]z—- [CoTsPc] -
=5 x 1079, (Na,S0,] = 0.3M, pH 2. Spectra taken with OTE.

Fig.2. Uv-visible absorption spectra of electrochemically <generated
[Co(III)TsPc(-2)1": (a) pH4, [CoTspPc)l= 5 x 107, [Na,50,) = 0.34; (b) pH1O,

[CoTsPc) = 6 = 10-4H, [NaZSO4] = 0,3M; {c) pH 10, {CoTsPc) = 5 x 10-5M,

[Na2504] = 0.3M; (d) pH10, [CoTsPc) = 7 x 1074, [Nazso4] = 0.08M, Spectra

taken with OTE, t
“1g.3. Uv-visible absorption spectra of [Fe(III)TsPc(-2))% (__ ), and
vlectrochemically generated Fe(II)TsPc(-2) (====- ) and ([Fe(I)TsPc(=-2)]" ;
(eeees) species, [FeTsPc] = 6 X 1079, [Nazso4] = 0.3M, pH 10. Spectra taken ;
with OTE. ¢
Flag.4 'v~visible wbsorption  spectrum  of electrochemically oxidised E
(Fe(TIII)TapPc{-2)]". Tnitial “oncentration of FeTspc = 2 X 1O'SM, .
[WAIA”Q] = 3.3, LH T, femp.= 19C,  3pectra taken with a ribre optic probe, 3
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